Abstract. Despite growing interest in ecological interactions between predators and pathogens, few studies have experimentally examined the consequences of infection for host predation risk or how environmental conditions affect this relationship. Here we combined mesocosm experiments, in situ foraging data, and broad-scale lake surveys to evaluate (1) the effects of chytrid infection (Polycaryum laeve) on susceptibility of Daphnia to fish predators and (2) how environmental characteristics moderate the strength of this interaction. In mesocosms, bluegill preferred infected Daphnia 2-5 times over uninfected individuals. Among infected Daphnia, infection intensity was a positive predictor of predation risk, whereas carapace size and fecundity increased predation on uninfected individuals. Wild-caught yellow perch and bluegill from in situ foraging trials exhibited strong selectivity for infected Daphnia (3-10 times over uninfected individuals). In mesocosms containing water high in dissolved organic carbon (DOC), however, selective predation on infected Daphnia was eliminated. Correspondingly, lakes that supported chytrid infections had higher DOC levels and lower light penetration. Our results emphasize the strength of interactions between parasitism and predation while highlighting the moderating influence of water color. P. laeve increases the conspicuousness and predation risk of Daphnia; as a result, infected Daphnia occur predominantly in environments with characteristics that conceal their elevated visibility.
INTRODUCTION
Recent theoretical work has emphasized the potential importance of predation in controlling disease in prey populations (Packer et al. 2003 , Ostfeld and Holt 2004 . Although predators often acquire multi-host parasites from their prey (i.e., trophic transmission, Lafferty 1992) , selective removal of infected prey can also reduce infection prevalence and pathogen transmission, especially for directly transmitted parasites. Thus, loss of predators could lead to increases in epidemic disease and a corresponding decline in prey population size (Packer et al. 2003) . However, empirical data regarding the consequences of infection for host predation risk in natural environments have lagged behind theoretical developments, particularly for microparasitic diseases. Owing to the difficulties associated with manipulating predators, pathogens and their hosts, experimental investigations into the mechanistic interactions between disease and predation are uncommon (but see Hudson et al. 1992, Lafferty and Morris 1996) . Lake populations of Daphnia represent an ideal study system in which to explore predator-parasite interactions and their importance for host populations and ecological communities. Daphnia are an important prey resource for many invertebrate and vertebrate predators (Mills and Forney 1983, Luecke et al. 1992) . Daphnia also host numerous endoparasites, including protists, bacteria, viruses, fungi and helminths, many of which produce conspicuous infections (e.g., Green 1974) . Finally, the ecological significance of large-bodied Daphnia in lake ecosystems, both as grazers on phytoplankton and as a preferred prey of planktivorous fishes (Lampert et al. 1986 , Carpenter et al. 1987 , suggest that interactions between the predators and pathogens of Daphnia could affect aquatic food webs. Although lake zooplankton communities are traditionally thought to be controlled by a combination of predation and resource availability, there is growing recognition of the important effects of parasites on zooplankton (e.g., Brambilla 1983 , Yan and Larsson 1988 , Ebert 2005 .
Interactions between parasitism and predation are likely to have important consequences for zooplankton (Decaestecker et al. 2002) . Predators that selectively remove infected zooplankton from a population can reduce transmission and suppress disease (Ostfeld and Holt 2004, Duffy et al. 2005) . Alternatively, if predators avoid infected prey, mortality from disease and predation may be additive or synergistic, resulting in host population decline (Packer et al. 2003 Most zooplankton are transparent, and subtle changes in the appearance of zooplankton can elevate predation risk (Zaret 1980, Tucker and Woolpy 1984) . Parasites of zooplankton frequently induce marked changes in the opacity and conspicuousness of infected hosts. While several studies have suggested that endoparasitic infections increase the vulnerability of zooplankton to predation (e.g., Duffy et al. 2005) , none have tested this hypothesis experimentally, evaluated the strength of interactions between parasitism and predation, or examined factors that moderate this relationship.
Here we explored the influence of a chytrid pathogen (Polycaryum laeve) on predation risk for infected Daphnia. We used a combination of predation experiments and field studies to determine the influence of host size, fecundity, and infection status on susceptibility of Daphnia to fish predation. We tested the hypothesis that differences in predation risk were due to infectioninduced changes in the visual appearance of Daphnia by evaluating the moderating influence of water color on fish selectivity. Dark, humic water (high in dissolved organic carbon, DOC) can limit the visual acuity of fish and thereby reduce predation on conspicuous zooplankton (e.g., Saegrov et al. 1996) . Finally, to examine the landscape-scale importance of interactions among predators, parasites, and water color, we compared light absorbance and DOC concentrations among 25 lakes in Wisconsin (USA) with and without P. laeve infection. By addressing these questions at multiple scales and with a variety of approaches, we aimed to identify the mechanistic interactions between disease and predation and generate results robust against methodological artifacts.
MATERIALS AND METHODS

Study system
We focused on interactions between Daphnia pulicaria (hereafter ''Daphnia''), a common, large-bodied cladoceran in North American lakes, and Polycaryum laeve, a recently described chytrid pathogen (Johnson et al. 2006) . P. laeve causes sharp reductions in Daphnia survival, growth, and reproduction (Johnson et al. 2006) . Severe infections markedly alter the appearance of infected individuals (Fig. 1) , filling the body with conspicuous fungal sporangia. Following death of its host, P. laeve sporangia release flagellated zoospores that exit the Daphnia carcass. Although the full life cycle of P. laeve is not known, transmission is either direct, from infected to uninfected Daphnia, or indirect, involving an alternate host or free-living stage.
Mesocosm experiments
Because our objective was to compare predation risk between infected and uninfected Daphnia under semirealistic conditions, we used large (1250 L) outdoor mesocosms stocked with naturally occurring levels of P. laeve infection and multiple fish predators. Zooplankton from two lakes (Allequash and Tenderfoot) in Vilas County, Wisconsin, USA, known to support P. laeve were acclimated to filtered (80 lm) water from Trout Lake and allowed to distribute throughout mesocosms for one hour prior to fish addition. For each experimental trial, five bluegill (44-81 mm) that had been held without food for 24 h were added to a mesocosm. After a 2-h feeding period, fish were euthanized, measured, and contents of their stomachs preserved. Zooplankton remaining in the mesocosms were filtered through an 80-lm net and preserved in 80% ethanol.
Six 
Field sampling
To evaluate whether fish selectively consumed infected Daphnia in situ, we collected age 0þ yellow perch (Perca flavescens) from Birch Lake using a purse seine and compared their stomach contents with vertical zooplankton tows from the same area. To ensure correspondence between collected zooplankton and fish foraging areas, we also conducted short-term foraging trials with bluegill (58-121 mm) maintained in modified minnow traps (6.4-mm mesh) in Allequash Lake. On three dates in June 2003 we suspended individually caged bluegill at 1.5 m and 3.5 m along buoyed anchor lines every 5-8 hours. Buoy lines were anchored in the deepest part of the lake (7 m) and were separated by 100 m. Zooplankton in the water column were sampled using a 80-lm net.
Influence of water color on infection
To understand the importance of water color in moderating interactions among Daphnia, P. laeve infection, and fish predation at the landscape scale, we compared dissolved organic carbon (DOC) levels and light absorbance between lakes that contained P. laeve (n ¼ 13 lakes) and lakes that were free of infection but supported D. pulicaria (n ¼ 12 lakes). Lakes were drawn from a set of 58 randomly selected systems in Vilas County sampled for zooplankton between 2 June and 5 July 2001-2004. Although each lake was sampled only once, P. laeve infection presence (but not prevalence) is fairly stable among years (P. Johnson, unpublished data). DOC and water color were measured using an OI total organic carbon analyzer and a spectrophotometer, respectively (see University of Wisconsin [USA] Center for Limnology methods, available online). 
Zooplankton and fish processing
We compared the contents of fish stomachs with zooplankton remaining in the corresponding mesocosm or with field-collected zooplankton. For each fish, we isolated and measured all D. pulicaria and recorded the presence of eggs, infection status, and infection intensity. Infection intensity is based on the number of chytrid sporangia per infected Daphnia and ranges from 1 (light infection, 1-500 sporangia) to 3 (heavy infection, .1000 sporangia) (Johnson et al. 2006) . The intensity of sporangia within a host is the result of asexual reproduction and presumably increases with host size and time since exposure. For zooplankton remaining in the mesocosms, we examined .200 mature female Daphnia to determine infection prevalence and measured .150 individuals (infected and uninfected). We considered only mature D. pulicaria !1.2 mm in our analyses because smaller individuals rarely exhibited infection or eggs. Other cladocerans (e.g., D. galeata mendotae) were rare at the time of collection, and no other Daphnia endoparasites were noted.
We used two forms of analysis to evaluate the effects of infection on predation risk. Chesson's a (Chesson 1983) , which ranges from 0 (prey avoidance) to 1 (perfect selection), was used to measure the selectivity of each fish for infected Daphnia. The gut contents of fieldcollected fish were compared against available zooplankton using Chesson's (1983) ''Case 1'' equation, which assumes no depletion of prey. To explicitly account for prey depletion during the mesocosm experiments, we used the ''Case 2'' form of a:
where n i 0 is the number of prey type i at the beginning of the trial (calculated as the sum of prey type i recovered from all fish and individuals remaining in the mesocosm), r i is the number of prey type i recovered from a particular fish, and m is the number of prey types (often infected and uninfected Daphnia).
[Note: In parasitological models, another form of alpha is often used to denote the proportional increase in prey vulnerability as a function of parasitism (e.g., Lafferty 1992 ). An approximate conversion of Chesson's a to this alternative metric is achieved by dividing Chesson's a for infected prey by one minus the same value (or by Chesson's a for uninfected prey).] Values of Chesson's a for each fish (n ¼ 40 fish) were compared against an expected a based on the null hypothesis of nonselective foraging using a linear mixed model, treating mesocosm as a random effect nested within lake. An a value of 1/m indicates neutral selection (e.g., 0.5 for m ¼ 2). Because we sought to create semirealistic foraging conditions, experimental trials involved a large foraging arena (1250 L), a small number of fish (5), and a short feeding period (2 h). No schooling or agonostic behavior was observed among bluegill, and the feeding behavior of experimental fish likely mimics their behavior under natural conditions. Although the behavior and hence a values of fish are not independent, they nonetheless represent a values that should be expected under natural conditions where fish interact. The statistical analysis that incorporates a random effect of mesocosms addresses the possibility that the a values for fish within a mesocosm are correlated by factoring out mesocosm-to-mesocosm variation in a. We also performed a more conservative statistical test by treating each mesocosm as a sample unit (n ¼ 8 mesocosms), comparing the average alpha value from each tank against the expected alpha using a mixed model.
Because consumed and available Daphnia differed significantly in size, we also used logistic regression to simultaneously incorporate continuous (e.g., carapace size) and categorical (e.g., infection or fecundity status) input variables on predation likelihood (consumed vs. not consumed). This analysis used individual Daphnia as the unit of analysis and data from fish within a given mesocosm were combined. We evaluated the explanatory importance of Daphnia size, infection status, and their interaction on the probability a given Daphnia was consumed. Among infected Daphnia, we analyzed the importance of size and infection intensity, whereas among uninfected Daphnia the effects of size and fecundity were considered. The significance of each predictor variable was evaluated using the Wald statistic, and model fit was assessed using Nagelkerke R 2 .
RESULTS
Mesocosm experiments
Across mesocosms, bluegill selectively consumed infected Daphnia over uninfected Daphnia (linear mixed model, a 6 SE ¼ 0.609 6 0.03; 95% CI ¼ 0.55-0.69; df ¼ 7). Subsequent t tests of fish within each mesocosm indicated that infected Daphnia were consumed preferentially in 7 of 8 experimental trials (two-tailed t test, P , 0.05; Fig. 2A ). This pattern was consistent across scale, and a mixed model analysis using mesocosms, rather than fish, as the unit of replication revealed comparable evidence of selective predation on infected Daphnia (a 6 SE ¼ 0.640 6 0.05; 95% CI ¼ 0.52-0.76; df ¼ 6).
To incorporate the effects of Daphnia size and infection status on predation risk simultaneously, we used logistic regression on the pooled experimental trials for a given lake and day (although results were similar if trials are analyzed individually). Daphnia size was a significant positive predictor of predation risk (see Table  1 ). Infection status also had a significant positive influence on predation in all experimental trials, causing a 1.5-4.9-fold increase in predation risk based on the
In all cases, the full model was significant based on a likelihood ratio test against the constant-only model (v 2 ¼ 65.5-176; df ¼ 2). However, size and infection status interacted significantly. While size was a strong positive predictor of predation risk for uninfected Daphnia, it was neutral or weakly significant for infected individuals (Table 1) .
Among infected Daphnia, infection intensity was a positive predictor of predation risk only in the Allequash Lake trials. However, we found a significant size 3 intensity interaction on predation risk. Infection intensity was a significant positive predictor of predation among small to moderate-sized Daphnia, but was a negative or neutral predictor for large Daphnia. Among uninfected Daphnia, fish exhibited selectivity for gravid Daphnia based on analyses of Chesson's alpha; however, some of this effect was due to the correlation between size and fecundity status. Larger uninfected Daphnia were more likely to contain eggs, and after including Daphnia size in the logistic-regression analysis, fecundity status was a positive predictor of predation risk in only two of four trials. Too few infected Daphnia (2% of the 2078 infected Daphnia examined) had eggs for inclusion in this analysis.
Effects of water color
Results of the clear (low-DOC) water treatment in 2004 were comparable to mesocosm trials from 2003. Bluegill exhibited selection for infected Daphnia based on Chesson's alpha (two-tailed t test, t ¼ 3.012, P ¼ 0.039; Fig. 2B ). In the logistic-regression analysis, both size and infection status positively affected predation likelihood (R 2 N ¼ 0.32, v 2 ¼ 151.6, df ¼ 2, P , 0.001). Again however, there was an interaction between these variables, with size influencing predation only among uninfected Daphnia (Table 1) . Among infected individuals, infection intensity was a positive predictor of predation (R Table 1 ).
In the high-DOC treatment, however, bluegill exhibited no selection for infected Daphnia (two-tailed t test for Chesson's a, t ¼ À0.790, P ¼ 0.474) (Fig. 2B) . Although size remained a significant predictor of predation risk in the logistic regression, infection status explained no additional variation. Selection for gravid Daphnia was also eliminated (Fig. 2B) . Among infected Daphnia, infection intensity had a positive influence on the likelihood of predation, whereas only size had a significant effect on predation risk for uninfected Daphnia (Table 1) .
Field samples
For yellow perch, 61 of 64 stomachs contained !10 Daphnia (28.3 6 2.69 Daphnia [mean 6 1 SE]; range: 10-87 Daphnia). Infected Daphnia occurred in all but one of these and were often numerically dominant. Alpha values averaged 0.846 6 0.0195 (mean 6 1 SE), and were significantly and substantially greater than the neutral selection value of 0.5 (two-tailed t test; t ¼ 17.783, P ¼ 0.0001, n ¼ 61; Fig. 2C ). Correspondingly, we found significant positive effects of size and infection status on predation likelihood in logistic regression (R 2 N ¼ 0.18; v 2 ¼ 74.6, df ¼ 2, P , 0.001). However, size negatively influenced predation risk, possibly because of the small size (and smaller gape) of collected perch (35.6 6 0.28 mm total length [mean 6 1 SE) (Hrabik et al. 2001) .
Results from in situ foraging trials offered comparable results. Ten of the 36 fish had .10 Daphnia in their stomachs (range: 16-252 Daphnia). Chesson's a values for infected Daphnia averaged 0.7319 6 0.0713 and were significantly greater than the expected value of 0.5 (twotailed t test, t ¼ 3.253, P ¼ 0.01). Logistic regression revealed significant positive effects for Daphnia size and infection status on predation risk (R 2 N ¼ 0.41; v 2 ¼ 116.4, df ¼ 2, P , 0.001). However, infection status and Daphnia size interacted significantly, with size influencing predation likelihood for uninfected animals to a greater extent than for infected Daphnia.
Infection among lakes
DOC and light absorption were significantly greater in lakes with Polycaryum laeve infection (for DOC, F ¼ 5.563, P ¼ 0.027, df ¼ 24; for absorbance, F ¼ 7.424, P ¼ 0.012, df ¼ 24) (Fig. 2D) . The levels of DOC and absorbance were highly correlated (Pearson r ¼ 0.96; n ¼ 25 lakes). It is possible that decreased predation in opaque water would increase Daphnia abundance and that this would favor chytrid transmission. However, the influence of water color on disease was not mediated through D. pulicaria density or size, as we found no relationship between absorbance and the abundance of Daphnia (number per liter) (r ¼ À0.189, P ¼ 0.366) or mean Daphnia carapace length (r ¼ 0.281, P ¼ 0.194). We also found no relationship between DOC levels and effortcorrected fish catch (r ¼À0.042, p ¼ 0.0841) or epilimnion depth (r ¼ À0.19, P ¼ 0.14). The prevalence of P. laeve infection correlated positively (but not significantly) with both DOC (r ¼ 0.313) and absorbance (r ¼ 0.333).
DISCUSSION
Predation has long been recognized as an important driver of zooplankton population dynamics. Few studies, however, have examined the influence of disease on zooplankton in lake ecosystems (e.g., Yan and Larsson 1988, Bittner et al. 2002) , and fewer still have explored the interactions between these forces (e.g., Duffy et al. 2005) . In our present study, multiple lines of evidence support the hypothesis that fish feed preferentially on Daphnia infected with the chytrid fungus, Polycaryum laeve. In experimental mesocosms, bluegill consumed infected Daphnia between 2 and 5 times more frequently than would be expected, even after accounting for Daphnia size. These patterns were corroborated by field results; yellow perch exhibited strong selection for infected Daphnia (.10 times over uninfected individuals). Short-term foraging trials with caged bluegill yielded comparable data, indicating that these trends are not unique to a single fish species or lake.
The increased predation risk observed for infected Daphnia is most likely a consequence of their altered appearance. Polycaryum laeve infection fills the body cavity of Daphnia with thousands of darkly colored sporgania, increasing the animal's conspicuousness and reducing its transparency. Changes in zooplankton appearance resulting from hemoglobin production, melanization or even vital stains have caused similar increases in predation risk (e.g., Zaret 1980 , Saegrov et al. 1996 . Although the idea that endoparasites might increase the vulnerability of Daphnia to predators has been suggested previously (e.g., Duffy et al. 2005) , this is the first study to combine mechanistic experiments with supporting field evidence to identify the relative importance of infection presence, infection intensity, and prey size and fecundity in determining predation risk. Willey et al. (1993) found that the prevalence of pigmented epibiont infestations in experimental tanks and small ponds declined following the addition of visual predators. Similarly, Duffy et al. (2005) reported that field-caught bluegill from four Michigan lakes contained significantly more Daphnia dentifera infected with Spirobacillus cienkowskii than were found in epilimnetic zooplankton tows.
Humic-stained water with decreased light penetration eliminated fish selectivity for infected Daphnia, support- Note: Yellow perch (Perca flavescens) were collected from Birch Lake (Vilas County, Wisconsin, USA); all other studies used bluegill (Lepomis macrochirus). Zooplankton were taken from two lakes (Allequash and Tenderfoot) in Vilas County.
* P , 0.05; ** P , 0.001; *** P , 0.0001; N/A denotes ''not available.'' The average Chesson's a values for infected Daphnia; Chesson's a ranges from 0 to 1, with 1 indicating selection for infected Daphnia, 0 indicating selection for uninfected Daphnia, and 0.5 indicating neutral selection. Chesson's a is easily converted into the proportional increase in predation risk (more commonly used in parasitological models; e.g., Lafferty 1992) by dividing a by (1 À a).
à Number of fish examined. § Estimated from the ''control'' treatments in which no fish were added, or from field-collected zooplankton tows. jj The percentage of infected Daphnia pulicaria among individuals .1.2 mm. } Unstandardized beta coefficients from the logistic-regression analylsis (without interaction terms). Data are means 6 SE. # Number of Daphnia examined.
ing the notion that changes in the visual appearance of infected animals are responsible for elevated predation. Although we cannot eliminate the possibility that parasite-induced changes in Daphnia behavior might also be involved, the humic-water treatment also reduced fish selection on gravid Daphnia, which are more conspicuous owing to pigmented eggs in the brood chamber (Tucker and Woolpy 1984) . The loss of selectivity for infected Daphnia at higher DOC concentrations corroborates the work of Kitchell and Kitchell (1980) , who suggested that humic water offers a visual refuge for conspicuous zooplankton. Data from our survey of lakes expand the humic-refuge concept to parasite infection at the landscape scale. Lakes with P. laeve infection had significantly higher levels of DOC and light absorbance than lakes without the parasite. We suggest that this pattern is the direct result of interactions among fish predators, their Daphnia prey, and chytrid infections. Because of increased predation on infected Daphnia in clear-water systems, humic lakes offer a refuge for Daphnia with visually conspicuous infections. These patterns could not be explained by overall differences in fish abundance, Daphnia size or Daphnia density. We recognize, however, the possibility that other attributes of humic systems (e.g., acidity, microbial communities, productivity, UV-B protection) might additionally or alternatively be involved, especially as the complete life cycle of P. laeve is not known.
A combination of theoretical and empirical studies have suggested that selectively foraging predators can suppress disease epidemics in prey populations (Ostfeld and Holt 2004 , potentially leading to an increase in total prey density (Packer et al. 2003) . This effect could be particularly favorable to Daphnia populations because infected individuals consume resources but do not reproduce, thereby restricting population growth. Although we documented clear evidence of predator selectivity for Daphnia infected with P. laeve, the regulatory role of predators on disease in this system remains conjectural. Transmission of P. laeve requires death of its Daphnia host (''obligate killer,' ' Ebert 2005) , and preliminary evidence indicates that sporangia remain viable even following fish digestion. Thus, while fish predation can reduce the number of infected prey, it is unlikely to directly reduce transmission rates or disease incidence. Low levels of fish predation may even serve to redistribute the parasite throughout the lake. The combination of parasitism and predation could therefore have additive or synergistic negative consequence for Daphnia populations; infection by P. laeve decreases host birth rate (parasitic castration) and increases its death rate (Johnson et al. 2006) , both directly (parasiteinduced mortality) and indirectly (via elevated predation risk). At high levels of predation, however, fish are likely to reduce infection by depressing the host population below the parasite's transmission threshold.
Given the keystone importance of large-bodied Daphnia both as grazers and as food for fish (e.g., Carpenter et al. 1987) , these results could have important implications for lake food webs. If infection, by making infected animals more conspicuous, substantially increases the foraging rate or total Daphnia consumption by young-of-the-year fish, epidemics could increase fish growth, survival, and overwintering success. If, however, the added effects of infection reduce Daphnia density or persistence, the opposite could occur. This situation could be exacerbated if infected Daphnia are lower in food quality owing to reduced digestibility of sporangia or the absence of nutrient-rich eggs and fatty acids. Resolution of these questions will require further and more long-term investigation.
In summary, our results highlight the importance of examining interactions among biological forces such as disease and predation. Previous studies have often focused on the direct influence of these forces in isolation, but our experimental and field results indicate that disease can significantly increase host predation risk. Moreover, interactions among disease, Daphnia, and fish predators may be strong enough to influence the landscape-scale distribution of parasite infection. Thus, while it has been suggested that diseases in zooplankton may be an artifact of predator-poor systems, we argue that disease has important direct and indirect influences on Daphnia populations and lake food webs. The strength of these effects is likely moderated through environmental characteristics (including water color), parasite life cycle or transmission mode, and food-web structure. 
